Background The aim of this work is to assess a previously described slit-lamp biomicroscopy-based method (SLBM) for measuring pupil diameter and compare it to Colvard infrared pupillometry (CIP). Methods Two examiners performed three repeated measurements with each instrument in 40 healthy eyes. We determined the agreement of SLBM and CIP, intraobserver and interobserver repeatabilities, and interobserver concordance (kappa) and SLBM ability for detecting pupil sizes over 6.0 mm.
Introduction
Pupil diameter is one factor affecting outcomes and patient satisfaction in intraocular lens (IOL) and keratorefractive surgery [1] [2] [3] [4] [5] [6] [7] . On one hand, pupil diameter under different lighting conditions should be measured and coupled with the optics of the multifocal IOL to meet patients' needs. Otherwise dissatisfaction should be expected in the presbyopic patient [6] . On the other hand, patients with pupils enlarging well over the maximum 6-mm optic diameter of a phakic IOL are likely to complain of disabling halos and night vision disturbances [5] . Last, although it is a matter of controversy, for an optimal keratorefractive procedure, excimer laser effective optical zones should be larger than the entrance pupil diameter in order to preclude foveal and parafoveal glare [3] . For all the above-mentioned reasons, accurate determination of pupil size under low mesopic (LM) conditions should be performed before patients' counseling and surgical planning.
Various methods have been used for determining pupil size: comparison methods, videokeratography, several infrared methods and digital photography among others [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Additionally, Starck et al. [19] have described a slit-lamp biomicroscopy-based method (SLBM) for measuring pupil size. We hypothesized that if this method of pupil measurement were comparable to traditional infrared pupillometry, then its use would increase the quality of care of many vision centers in which pupil size might not be appropriately measured due to lack of specific instrumentation. This study therefore aimed to evaluate the performance of SLBM pupillometry under LM illumination and compare it to an infrared pupillometer (Colvard pupillometer, Oasis Medical; Glendora, CA), which is being used commonly in the clinical setting [2, 8, 10, 12, 14, 15, [20] [21] [22] [23] [24] [25] [26] .
Materials and methods
The principles outlined in the Declaration of Helsinki were followed during this study. All candidates received detailed information about the nature of the investigation, and all provided informed consent. This project was approved by the local institutional review board.
This prospective study was conducted at Clínica Universidad de Navarra, University of Navarra, Navarra, Spain, during June and July 2009. Pupil diameter under LM conditions was measured in 40 healthy eyes of 20 refractive surgery candidates without strabismus (five men and 15 women) ranging in age from 22 to 54 years old (mean ± standard deviation (SD), 34.5±7.4 years). None of them were under systemic or ocular medications. Mean sphere determined by subjective refraction was -2.93±3.10 diopters (D) (range +5.00 to -9.00 D), and mean cylinder was -0.84±0.85 D (range 0.00 to -3.25 D). Pupillometry was performed three times by two independent similarly experienced examiners: the same slit-lamp-based cobalt blue light and the same infrared pupillometer.
Measurements were taken after 5 min of dark adaptation with a period of 15 s of darkness between each measurement and less than 30 s between observers. The lighting conditions of the examining room were not altered throughout the whole measurement process of each individual. Subjects were reminded to fixate on a distant (6 m) target during measurements to avoid accommodation, and were asked to inform examiners if the view was obstructed. We measured with a light meter (Light ProbeMeter™, Extech Instruments, Waltham, MA) that the illuminance produced with this method in the examination room ranged from 0.5 to 0.7 lux at eye height. Under this lighting condition, pupil diameter can be easily determined and might reproduce the level of light typically encountered while driving on a suburban street at night [10, 26] . The examiners attempted to measure the largest pupil in the hippus cycle for both techniques and were masked to each other's measurements. In order to reduce examiner or method dependent-related bias, the measurements were taken following the diagram shown in Fig. 1 .
When Colvard infrared pupillometry (CIP) was performed, the subject was instructed to focus on a target placed at 6 m with the fellow eye, a millimeter ruler was superimposed by a reticule in the device, which allowed direct measurement of the pupil diameter due to light amplification technology [2] . We assured that the pupil always lined up with the reticule. The CIP can measure the vertical and horizontal pupils to 0.5-mm increments, and analysis was performed rounding to the nearest 0.5 mm.
Pupillometry with the SLBM was performed as described by Starck and coworkers [19] . The background illuminance conditions of the examination room were the same as with the CIP. After sitting the patient in front of the biomicroscope, the cobalt blue filter was selected, the light intensity knob on the cross-slide base was rotated to the lowest position, and the slit narrowed in order to reduce brightness to the minimum. This way, we measured a mean focal illumination of 6 lux for an average 6.5-mm-long slit in our setup. The slit was set in the vertical position, the image of the iris was then perfectly focused, and by rotating the knob, the length of the light beam was adjusted according to the pupil diameter. Therefore, the number indicated in the slit length display window was the measurement of the pupil size. With this procedure, the pupil size was measured to 0.1-mm increments.
We ensured proper calibration of both instruments by measuring machinist-drilled holes with precise diameters in a paper sheet and both devices showed no instrument bias.
Data were entered into a computerized database and statistical calculations were performed using a commercially available statistical package (SPSS version 15.0 for Windows). In order to detect any significant systematic bias, the results obtained for each method and for each examiner were compared with analysis of variance with subsampling, which is an appropriate statistical test for two-eye designs [27] . Statistical analysis of the agreement between the two techniques was performed with the method described by Bland and Altman [28] . The 95% limits of agreement (LoA) were defined as the mean difference in measurements using the two techniques±1.96 SD [28] . Agreement analysis was performed using both, the first measurement and the mean of the three measurements. Although taking three measurements might not be common clinical practice, we wanted to investigate whether this method might improve the repeatability compared with taking single measurements. The corrected SD of differences for the three repeated measurements was calculated with the following formula [28] .
where s 1 , s 2 , and s 3 are the SD of the differences of the first, second, and third measurement, respectively, and s D is the SD of the differences between the means for each method. We also calculated the width of the LoA that could be attributable to the different measurement precision of both devices. To evaluate the intraobserver repeatability, we calculated the within-subject standard deviation (S w ), the withinsubject coefficient of variation (CV w ), and the intra-class correlation coefficient (ICC) of the three consecutive pupil size measurements [29] . The interobserver reproducibility of both methods was assessed using the Bland-Altman plot [28] . The coefficients of interobserver reproducibility for each pupillometry technique were 1.96 times the SD of the differences between both examiners' measurements, lower values indicating higher reproducibility [28] . The simple κ statistics and 95% confidence intervals (CI) were used to examine the interobserver reliability in detecting pupils over 6 mm in diameter [30] . The nomenclature proposed by Fleiss describes kappa levels greater than 0.75 as excellent agreement, between 0.4 and 0.74 as fair to good, and below 0.4 as poor [31] .
Sensitivity and specificity calculations of the SLBM for detection of 6-mm pupil sizes were performed. We selected a 6-mm pupil diameter cut-off because it is typically the maximum optic diameter of the phakic and pseudophakic IOLs [5, 32] , and as a result of reviewing several studies where Colvard had been used for measuring pupil size under LM illumination [10, 12, 16, 17, 21, 24, 33, 34] . The mean pupillometry reported in these studies was 5.98 ± 0.19 mm. Colvard measurements were used as the reference standard for calculations of sensitivity and specificity. Additionally, we calculated the overall efficiency (proportion of correct results) of the SLBM.
Finally, the ability of the SLBM procedure to discriminate 6-mm pupil diameters was also investigated with receiver operating characteristic (ROC) curves [35] . The best Fig. 1 Diagram of the study design cutpoint for balancing the sensitivity and specificity of the test is the one represented by the point on the curve closest to the upper left-hand corner [35, 36] . The area under the ROC curve (AUC) was also calculated [35, 36] , which represented the aggregate goodness of the test in separating eyes with pupils over 6 mm in diameter from those of 6 mm or less. For all statistical tests, a two-tailed p<0.05 was considered significant. Table 1 provides the average values of the pupil measurements determined by each examiner for each method. The mean pupil diameter was smaller with the SLBM than with the CIP (mean difference0-0.45 mm; p00.01). Overall, both examiners obtained similar values with the infrared pupillometry (mean difference00.02 mm; p00.81). However, for the SLBM there was a slight but statistically significant difference among both examiners measurements (mean difference0-0.28 mm; p00.02). Table 2 shows the 95% LoA between slit-lamp and infrared pupillometry. Using both the first measurement and the mean of the three measurements, the results were very similar. Figure 2 depicts that in all the scatterplots at least 95% of the points were within the area of mean±1.96 SD, and no definite relationship between the measurement error and the average measurement was shown. The LoA were wide, clinically relevant, and slightly larger when the mean of the three repeated measurements was considered ( Table 2 ). The mean difference between techniques was statistically significant and among pupillometry techniques for examiner 1 was twice the value obtained by examiner 2.
Results

Pupil diameter
Agreement between techniques
Intraobserver repeatability Table 3 shows that the S w and CV w behave quite similarly; the SLBM showed marginally better indices than the CIP, and examiner 1 performed generally better than examiner 2. The same is indicated by the ICCs, which showed overall good intraobserver repeatability.
Interobserver reproducibility Table 4 shows the LoA between examiner 1 and examiner 2 for each pupillometry technique. For the first measurement, the range of mean differences among the examiners was similar for both pupillometry techniques, but it appeared to be smaller with the infrared pupillometry when we used the mean of the three repeated readings. Mean difference between examiners for the SLBM pupillometry was small but statistically significant, whereas it was not significant for the CIP. Figure 3 shows the interobserver differences plotted against the mean measurements using the CIP and the SLBM. Examiner 1 tended to underestimate the mediumsized pupils with the SLBM. Table 5 lists the coefficients of interobserver reproducibility for each pupillometry technique and for each analysis (first measurement or average). The values obtained were near 1 mm and they were similar for the first measurement. With the mean of the three repeated measurements, the repeatability of the infrared pupillometry was slightly better than that of the slit-lamp method. The simple κ statistic associated with the interobserver reliability for these data is shown in Table 6 . Concordance between observers was shown to be slightly better, even so just fair, for the Colvard than for the slit-lamp method using the first measurement. Only in slit-lamp pupillometry did interobserver reliability improve modestly when the average of three measurements was taken.
Sensitivity and specificity
For the first measurement and for the mean of the three repeated measurements, examiner 1 achieved a lower sensitivity than examiner 2, but a higher specificity, because of the tendency of examiner 1 to underestimate the pupil diameter with the slit-lamp (Table 7 ). In contrast, examiner 2 achieved a lower efficiency. With the mean of the three repeated measurements the results were better for examiner 1, but similar for the second examiner. Table 8 shows the AUCs for each examiner and for each analysis (first measurement and average). For the detection of large pupil sizes, the use of mean of the three repeated measurements obtained with the slit-lamp pupillometry for examiner 1 had the largest AUC (Fig. 4) , although the values of the AUCs were very similar in all cases. For a cut-off point on each curve of more than 5.5 mm or 5.4 mm (first or mean measurements, respectively) for examiner 1, and 6.2 mm (first and mean measurements) for examiner 2, of pupil diameter we obtained the best trade-off between sensitivity and specificity.
Discussion
Pupillometry with a standard slit-lamp method is appealing because of its simplicity and wide availability. However, the reliability of this measurement method must be properly assessed before it can be applied universally. Several other studies have measured pupil diameter under mesopic light conditions with different devices. Colvard infrared pupillometry has yielded average pupil diameters ranging from 5.78 to 6.3 mm in different study populations [10, 12, 16, 17, 21, 24, 33, 34] . All these results are comparable to the mean pupil diameter obtained in our study with the CIP (6.26 mm). In turn, our average values are larger than those found with different devices, the IOWA (Henry Louis, Inc.) infrared pupillometer [9] and the Rosenbaum card [8] ; although other authors stated later just the opposite outcomes when they compared the IOWA pupillometer and the Rosenbaum card with the CIP [16] . These differences among studies might be the result of the diverse illuminance conditions inherent to the measurement method (i.e., provided by the Placido rings), the examination room conditions, the refraction and especially the average age of the patients analyzed [18] . Because older patients have smaller pupils than younger ones, one should expect lower readings from an older sample of population. Comparison pupillometry using the Rosenbaum card is a technique often used in FDA refractive surgery clinical trials [2, 9, 16] . However, it may be difficult for clinicians to measure with confidence pupil size using the Rosenbaum card in LM conditions using conventional light. Once the illumination is sufficiently low to reflect real-life nocturnal scenarios, it becomes very difficult for the examiner to visualize and measure pupil size [2] . Although Ho et al. [16] demonstrated that when using a red light source combined with the Rosenbaum card, the amount of illuminance needed might not be so high compared to CIP, and even they obtained higher pupil size measurements following the Rosenbaum card method than with CIP.
The results of the current study showed that the systematic bias between SLBM and CIP was significant (between 0.3 and 0.6 mm), and the LoA were excessively wide for both examiners. In fact, a range of error from 1.79 to 2.30 mm is rather considerable, although comparable to the one found by Starck et al. [19] (1.84 to 2.12 mm) with SLBM. Specifically, we have shown that the SLBM tended to underestimate the pupil diameter, similar to that found by Starck et al. [19] in one of their two observers. This result may be explained by the notably higher illumination with the SLBM; we measured an average of 6 lux, although the brightness and the width of the slit light were reduced to the minimum, while when we performed with CIP, an average magnitude of 0.6 lux was measured, thus, the latter can be considered a method performed under LM conditions, while the SLBM under mesopic conditions. We could not further reduce the intensity of the slit light because it was the lowest level of illumination at which the pupil could be measured with confidence. This fact may explain in part the main discrepancy between both methods. Interestingly, with this SLBM, the larger the pupils are, the longer the slit is made to measure the vertical diameter and therefore the higher illumination of the slit-lamp light source is incident into the eye. There are, however, some other reasons that may have also contributed to the underestimation of the pupil diameter. The spectral sensitivity of the pupillary mechanism has been found to be higher or at least equivalent in the blue part of the spectrum compared to that for other parts of the visible spectrum of equal photopic illuminance [37] [38] [39] . This means that blue light may give rise to smaller pupils compared to those that occur with light of other colors of the same luminance [38] . Additionally, the pupil cycling that originates when the narrow pencil of light is placed at the iris margin, whose contraction is much faster than dilation, may have influenced in measuring a smaller pupil in slow dilation motion than pupil is assessed by infrared devices [40] . Beyond that, the close approach of the slit-lamp instrument and examiner to the patient, may have induced intermittently proximal accommodation and convergence that decreased pupil size during the measurement procedure in some cases, despite patients were instructed to constantly fixate at a distant target.
Individual examiners appeared to be internally reliable when obtaining repeated measurements with the same Table 3 The intraobserver within-subject standard deviation (S w ), the within-subject coefficient of variation (CV w ), and the Intraclass Correlation Coefficient (ICC) for SLBM and CIP pupillometry technique on multiple occasions, as shown by the S w and CV w as well as the ICC. Our S w (0.12 and 0.19 mm) indicated higher intraobserver repeatability than in the study by Starck et al. [19] (0.23 and 0.33 mm) for the same slit-lamp technique. Beyond that, we found similar intraobserver reliability results for each method of measurement. The latter may also denote that the observer's skills were refined enough to obtain consistent measurements with each instrument. Mean differences between both examiners for the same device were close to zero with the CIP, whereas there was a statistically significant mean difference (0.3 mm) between each examiner's measurements with the SLBM. This result can be explained by the tendency of examiner 1 to underestimate low-medium-sized pupils with the SLBM (Fig. 3) . The interobserver coefficients of reproducibility showed the presence of differences up to 1.0 mm (Table 5 ). These coefficients of interobserver reproducibility were better than those of Rosenbaum card comparison (1.3 mm) [8] , similar to those of the VIVA infrared pupillometer (1.1 mm) [10] , and worse than the 0.52-mm value found by Starck et al. [19] for SLBM pupillometry, and others for CIP (from 0.7 mm to 1.16 mm) [8, 10, 12] , Procyon digital pupillometry (0.64 and 0.78 mm) [12, 41] , and digital photography (0.8 mm) [13] . Furthermore, the kappa statistics showed only poor to fair observer concordance when detecting pupils over 6 mm with the SLBM. These results therefore suggest that although both pupillometry techniques tested appear to be repeatable, the measurements should be performed by the same experienced examiner because there is a rather high interobserver variability. Actually, both the SLBM and the CIP show relevant inaccuracies caused by examiner bias. One potential source of observer error could be attributed to the accuracy of the reticule of the CIP for measuring the pupil diameter [8] . This device measures pupils to 0.5-mm increments, thus the measurements were estimated to the nearest half millimeter. Therefore, this subjective interpretation could induce examiner digit preference bias. Beyond that, the distance at which the CIP is positioned relative to the eye may vary [8, 14] . On the other hand, a potential source of examiner error in the slit-lamp method may be the tendency to focus the beam of blue light slightly more anteriorly or posteriorly with respect to the iris plane. Slit-lamp pupillometry was moderately sensitive and quite specific in identifying pupil diameters over 6 mm (Table 7) . Using both the first measurement and the mean of the three measurements, we found AUCs in the range of 0.83-0.88, suggesting that the SLBM was a good, but not excellent, discriminator between pupils dilating more than 6 mm and those with diameters not exceeding 6 mm. In addition, we found little difference between the ROC curves obtained using the first measurement and mean of the three measurements. Interestingly, we found the best trade-off between sensitivity and specificity for cut-off points between 5.4 and 5.5 mm of pupil diameter on half of the curves, which represent values with scarce clinical utility [9, 10, 42] . We selected a 6-mm pupil diameter cut-off because it is typically the maximum optic diameter of the phakic and pseudophakic IOLs [5, 32] , and as a result of the data reported by several authors who used previously Colvard [10, 12, 16, 17, 21, 24, 33, 34] under LM conditions (range: 0.05 to 1 lux) in subjects ranged from 25.7 to 38.8 years old (mean age: 34.47 years, our subjects mean age: 34.5 years) obtained a mean pupil size of 5.98 ± 0.19 mm.
The association between pupil size, optic quality, and patient satisfaction is multifactorial [5, 32] and it is not known yet what the exact relationship between pupil size and optical zone diameter should be to prevent vision disturbance [42, 43] . However, wavefront analysis demonstrates that higher-order aberrations increase as pupil size increases [44] [45] [46] . Some visual disturbances following anterior segment surgery, especially at night, have been linked to a disparity between the pupil size under LM illumination and the effective excimer laser optical zone [1, 3, 43, 47] or the IOL optic [5] . Therefore, the result of an erroneous underestimation of pupil diameter, such as the ones we have observed in this study, may not only affect the planning of the ablation zone or the choice of the optical features of the monofocal or multifocal IOL to be inserted but also may risk inducing night visual disturbances or impair light distribution for the far and near focus, respectively [3, 7, [42] [43] [44] [45] [46] [47] .
This study has several limitations. First, SLBM was compared to CIP, whose main disadvantage is its dependence on examiner subjective estimation. However, this shortcoming can be overcome by an experienced examiner [48] , as the ones who performed the current study. In fact, the results of our investigation and previous ones [17] indicate that CIP produces repeatable measurements. Second, there may also be a limitation in comparing the two techniques since the increments of the CIP were 0.5 mm and the SLBM was 0.1 mm. However, the maximum measurement difference between both devices should be only of 0.2 mm, which would be the case for instance of a pupil measuring 6.7 mm by SLBM and being rounded to 6.5 mm by CIP, or a pupil measuring 6.8 mm by SLBM and being rounded to 7 mm by CIP. Furthermore, random distribution of pupil size, like in this study, leads to cancellation of round-up and round-down readings across measurements and eyes. Third, another limitation might be the infrared pupillometer used as a comparison device to validate the SLBM; several studies have demonstrated that digital infrared pupillometry might yield larger pupil diameter than CIP with greater repeatability [12, 22] . This discrepancy has been described especially when the pupil diameter was measured under scotopic illuminance conditions (<0.05 lux), which are reached solely in an experimental setting, but not during the patient mesopic daily activity [10, 26] . Furthermore, another commercial handheld infrared pupillometer could have been used (Neuroptics, NeurOptics, Inc) in this study, which also has been reported to provide similar interobserver variability and larger pupil diameter than CIP [17] . However, CIP is still the most used device as a pupil gauge instrument (Duffey RJ and Leaming DV. U.S. Trends Table 7 Sensitivity, specificity, and efficiency of the slit-lamp pupillometry for detection of pupil sizes larger than 6.0 mm for the first measurement and for the mean of the three measurements Fourth, although our observers were highly experienced using CIP, they had less SLBM training, and mainly using staff members of the eye clinic before starting the study. Thus, we would recommend more specific and longer training before performing this technique in the clinical setting to overcome the learning curve. Last, this study did not address specifically the pupil size measurement after excimer laser refractive surgery. Nevertheless, Spadea et al. [49] could not find significant differences in pupil-size measurements before and after a broad range of myopic and hyperopic laser vision correction procedures.
In conclusion, we found that measuring pupil size under LM illumination at the slit-lamp by using dim cobalt-bluefiltered light is not reliable enough to be used routinely in clinical practice. We acknowledge that although it is repeatable, easy to perform, not time-consuming, and it is not necessary to acquire specific instrumentation, this dim cobalt-blue-light slit-lamp pupillometry method tends to noticeably underestimate pupil size, yielding therefore low sensitivities in detecting larger pupils, shows poor interobserver repeatability because of examiner bias, and for some observers, its diagnostic characteristics make it more appropriate for discriminating pupil diameters at a cut-off value well under 6 mm, which might not be clinically useful [9, 10, 42] . The American Society of Cataract and Refractive Surgery, American Academy of Ophthalmology, Federal Trade Commission, Food and Drug Administration, and Ophthalmic Mutual Insurance Company have issued statements regarding pupil size in refractive surgery. Whereas dim-light pupil size alone may not predict who will experience night vision disturbances after keratorefractive surgery, particularly after wavefront-guided LASIK [50] , the functional optical zone-pupil size mismatch, termed "negative clearance" [51] , may be more closely related. Moreover, in the correction of higher ametropias, the effective optical zone tends to be smaller than the laser ablation nominal optical zone [52] , and with phakic IOLs, the pupiloptical zone disparity is also greater [53] , which favors the results of several studies reporting the degree of ametropia as a risk factor for night vision complaints [53, 54] . In multifocal pseudo-phakic IOL implantation, pupil size determines the distribution of the near and far focus in many lens designs [7, 55] , and is one of the three major risk factors for patient dissatisfaction [56] . Therefore, accurate pupil measurement is important for both planning surgery and gauging the risk of sideeffects from surgery. We should bear in mind that many patients are going to live with decisions based on such pupil measurements for the rest of their lives. Accordingly, the results of this study indicate that a surgical plan founded on the slit-lamp-based cobalt blue light pupillometry should not be developed.
